The majority of human pancreatic cancers have activating mutations in the KRAS protooncogene. These mutations result in increased activity of the NF-kB pathway and the subsequent constitutive production of proinflammatory cytokines. Here, we show that inhibitor of kB kinase 2 (Ikk2), a component of the canonical NF-kB signaling pathway, synergizes with basal Notch signaling to upregulate transcription of primary Notch target genes, resulting in suppression of antiinflammatory protein expression and promotion of pancreatic carcinogenesis in mice. We found that in the Kras G12D Pdx1-cre mouse model of pancreatic cancer, genetic deletion of Ikk2 in initiated pre-malignant epithelial cells substantially delayed pancreatic oncogenesis and resulted in downregulation of the classical Notch target genes Hes1 and Hey1. Tnf-a stimulated canonical NF-kB signaling and, in collaboration with basal Notch signals, induced optimal expression of Notch targets. Mechanistically, Tnf-a stimulation resulted in phosphorylation of histone H3 at the Hes1 promoter, and this signal was lost with Ikk2 deletion. Hes1 suppresses expression of Pparg, which encodes the antiinflammatory nuclear receptor Pparg. Thus, crosstalk between Tnfa/Ikk2 and Notch sustains the intrinsic inflammatory profile of transformed cells. These findings reveal what we believe to be a novel interaction between oncogenic inflammation and a major cell fate pathway and show how these pathways can cooperate to promote cancer progression.
Introduction
Cancer-related inflammation has been shown to be critically linked with malignant disease - either by being the initiating, extrinsic cause or by supporting the intrinsic microenvironment during tumor progression (1) . Most solid tumors are characterized by an intrinsic tumor-promoting inflammatory response (1) . Activation of proto-oncogenes such as ras and/or inactivation of tumor suppressors orchestrates a proinflammatory transcriptional program and constitutive production of inflammatory cytokines and chemokines that shape a tumor-promoting microenvironment. Oncogenes and tumor suppressor genes are, however, difficult molecular targets in cancer therapy (2) . In contrast, inflammatory cytokines and signaling pathways affected by the genetic changes occurring in malignant diseases are attractive druggable targets.
Activating mutations of the KRAS proto-oncogene are found in more than 90% of pancreatic ductal adenocarcinomas (PDACs), the most prevalent form of pancreatic cancer (3) . Histological and molecular studies have demonstrated that disease progression occurs through a series of preinvasive lesions, pancreatic intraepithelial neoplasias (PanINs) , that progress into invasive carcinoma (4) . Mouse models with pancreas-specific activation of oncogenic Kras display the full spectrum of PanINs and recapitulate the features of human PDAC (5, 6) . NF-κB, a major transcription factor for inflammatory responses, is found activated in Kras-transformed epithelial cells (7, 8) . NF-κB activation is regulated through the inhibitor of κB kinase (Ikk) complex, which consists of two catalytic subunits, Ikk1 and Ikk2 and the regulatory protein Ikk3 (or Nemo) (reviewed in ref. 9 ). During canonical NF-κB signaling, inflammatory stimuli including cytokines such as Tnf-α generate signals that converge at the Ikk complex, phosphorylating Ikk2, which in turn phosphorylates the inhibitory molecule inhibitor of κB (IκB), resulting in its proteasomal degradation. This releases the p65/p50 NF-κB heterodimer, allowing its nuclear translocation and promoter binding for inflammatory gene transcription. A series of studies has indicated a requirement of Ikk2 and p65 in both murine and human Kras-induced transformation of lung epithelial cells and in models of inflammation-induced carcinogenesis (7, 8, 10, 11) . However, the implication of the pathway in pancreatic cancer has so far been unexplored.
Interestingly, in many types of cancer, including pancreatic cancer, the NF-κB and Notch pathways are activated (12) (13) (14) (15) . Classical activation of Notch signaling is triggered by ligation of Notch receptors and ligands. This leads to proteolytic cleavage of Notch and the release of the Notch intracellular domain (NICD). NICD subsequently translocates to the nucleus and binds to the DNA-binding protein Rbp-j. This interaction results in assembly of a transcriptional activation complex that drives the expression of Notch target genes (16) . Among the best-characterized direct Notch target genes are the Hes and Hey families of transcriptional repressors. These genes are found to be upregulated in early PanINs and throughout PDAC but not in normal pancreatic epithelium (5, 15) . In the context of mutant Kras, Notch pathway activation has been shown to have a tumor-promoting role and has been implicated in mediating metaplasia of acinar to ductal epithelium, a critical process in pancreatic carcinogenesis (17) (18) (19) .
In the present study we showed that genetic deletion of Ikk2 in Kras +/LSL-G12D Pdx1-cre mice blocked the progression of PanIN lesions. We further demonstrated that Tnf-α stimulation of initiated pre-malignant epithelial cells via Ikk2 engaged with canonical Notch signaling to upregulate the expression of primary Notch target genes. The crosstalk between NF-κB and Notch downregulated Pparγ, a repressor of inflammatory gene expression and retained a constitutive production of proinflammatory mediators and cytokines by the transformed cells. G12D mice. Kras +/LSL-G12D Pdx1-cre (abbreviated as Kras G12D ) mice express an endogenous oncogenic Kras G12D allele initially in pancreatic progenitors and later in the adult pancreas (5). We generated ductal epithelial cell lines from PanIN- and PDAC-bearing Kras G12D mice and identified constitutive secretion of Tnf-α ( Figure 1A ), similar to previous data indicating Tnf-α production by initiated premalignant ovarian epithelial cells (20) . To determine the role of Ikk2/NF-κB signaling in formation and progression of PanINs, we generated Kras +/LSL-G12D Ikk2 fl/fl Pdx1-cre (Kras G12D Ikk2 ΔPdx ) mice. In parallel, we assessed the contribution of malignant cell-derived Tnf-α using Kras +/LSL-G12D Tnfa fl/fl Pdx1-cre (Kras G12D Tnfa ΔPdx ) mice.
Results

Pancreas-specific deletion of Ikk2 blocks PanIN progression in Kras
The compound strains were generated by interbreeding C57BL/6 mice carrying floxed Ikk2 or Tnfa alleles with the Kras +/LSL-G12D and Pdx1-cre strains (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI45797DS1). No gross pathology was observed in the pancreas of Ikk2 ΔPdx or Tnfa ΔPdx mice (Supplemental Figure 1B) . Activity of the Ikk complex was abolished in cells derived from Kras G12D Ikk2 ΔPdx mice, confirming excision of the Ikk2 locus ( Figure 1B) . Secretion of Tnf-α and Il-6 in the pancreas was also significantly decreased (P < 0.01, n = 6, Figure 1C ). Similarly, cell lines derived from PanIN- and PDACbearing Kras G12D Tnfa ΔPdx mice secreted minimal levels of Tnf-α, confirming Tnfa inactivation ( Figure 1D ).
We assessed the development of PanIN lesions in cohorts (n = 12 per time point) of Kras G12D , Kras G12D Ikk2 ΔPdx , and Kras G12D Tnfa ΔPdx mice at 2, 5, and 8 months of age. Histological assessment for the proportion of pancreas occupied by PanINs was carried out as previously described (4) . Ikk2 deletion in Kras G12D Ikk2 ΔPdx mice resulted in a profound decrease in the frequency of high-grade PanINs (PanINs 2 and 3) at all time points (P < 0.01; Figure 1E ). Only low-grade PanINs were present in 5-month-old Kras G12D Ikk2 ΔPdx mice, while approximately 80% of the pancreatic parenchyma retained normal exocrine tissue. Even at 8 months of age, formation of grade 2 and 3 lesions was minimal, and the frequency of grade 1 PanINs was lower compared with both Kras G12D and Kras G12D Tnfa ΔPdx mice (P < 0.01; Figure 1E ).
Two-month-old Kras G12D Tnfa ΔPdx mice exhibited a significant reduction in early PanIN lesions (P < 0.01, n = 12). However, by 5 months of age, PanINs had formed and progressed in a pattern similar to that in Kras G12D mice ( Figure 1E ). These results indicated that, in the context of mutant Kras, Ikk2 signaling was important for the development and progression of PanINs. Activation of the pathway by Tnf-α provided by the transformed epithelial cells was important early during the carcinogenic process. However, as the disease progressed, an influx of tumor-associated immune cells, primarily macrophages and neutrophils, compensated Tnf-α cytokine levels. To address the importance of the inflammatory infiltrate to compensate for the lack of inflammatory cytokines, we generated chimeras using Mx1-cre mice to target Tnf-α deletion in the leukocyte compartment (Supplemental Figure  2 , A-D). Infiltration of these cells was minimal in Kras G12D Ikk2 ΔPdx pancreases, indicating that Ikk2 inactivation impaired their capacity to attract other cell types (Supplemental Figure 2, A and B) .
To assess whether Ikk2 depletion affected PDAC development, we followed cohorts of 50 Kras G12D Ikk2 ΔPdx and 40 Kras G12D mice for nearly 2 years (Table 1 and Supplemental Table 1 ). Mice were sacrificed when they developed signs of distress. 20% of Kras G12D Ikk2 ΔPdx mice had PDAC, while there was a 50% tumor incidence in Kras G12D mice ( Figure 1F ). Interestingly, deletion of Ikk2 changed the histopathological feature of the observed tumors, as shown by the ratio of undifferentiated to glandular morphology in these mice ( Figure  1G ) at end point (Table 1 and Supplemental Table 1 ).
Further histological analyses of Kras G12D Ikk2 ΔPdx pancreases showed a profound delay in stromal reaction ( Figure 1, H and I) . Proliferation of acinar cells was assessed by PCNA expression. As shown in Figure 1 , J and K, there was a reduction in proliferating acinar cells in Kras G12D Ikk2 ΔPdx compared with Kras G12D pancreases. No difference was noted in the levels of apoptosis, measured by cleaved caspase-3 staining (data not shown). Collectively, these data indicated that PanIN progression and development of PDAC were dependent on epithelial Ikk2 depletion.
Notch target genes Hes1 and Hey1 are downregulated in Kras G12D Ikk2 ΔPdx PanINs. The Notch pathway, normally quiescent in the adult pancreas, is found to be reactivated in pancreatic cancer throughout PanIN and PDAC development (15, 17, 21) . We assessed the regulation of Notch downstream targets as indicators of disease development (5). In accordance with previous studies, we found that the classical Notch target genes Hes1 and Hey1 were expressed in Kras G12D PanIN-bearing mice (5). However, there was a substantial decrease in their expression in age-matched Kras G12D Tnfa ΔPdx and Kras G12D Ikk2 ΔPdx mice (Figure 2A ). The pancreases of Kras G12D Ikk2 ΔPdx showed decreased expression of Igfr1, Vegf, and tenascin C, all Notch target genes, while expression of Myc and the AP-1 family transcription factor Batf was not altered (Figure 2A ). Inactivation of Tnfa had little impact on the expression levels of these genes. Immunofluorescence analysis revealed Hes1-positive staining in PanIN lesions of 3-month-old Kras G12D mice. Similar levels of Hes1 were found in Kras G12D Tnfa ΔPdx mice ( Figure 2B ). In contrast, Hes1 protein was minimal in agematched Kras G12D Ikk2 ΔPdx animals ( Figure 2B ). These results indicated concurrent activity of the classical NF-κB and Notch pathways.
To further dissect the interaction of the Tnf-α/Ikk2 and Notch signaling pathways, we examined the response of cell lines derived from Kras G12D , Kras G12D Tnfa ΔPdx and Kras G12D Ikk2 ΔPdx mice to recombinant Tnf-α (rTnf-α) stimulation in vitro. Basal Notch activity in Kras G12D cell lines was demonstrated by nuclear localization of 
Hes1 and low levels of cytoplasmic staining ( Figure 3A ). Stimulation with rTnf-α increased expression of both nuclear and cytoplasmic Hes1 protein ( Figure 3A ). The expression of Hes1, Hey1, as well as Batf, Vegf, Igfr1, Myc, and tenascin C was increased in Kras G12D and Kras G12D Tnfa ΔPdx cells after rTnf-α stimulation. In contrast, rTnf-α failed to upregulate expression of these genes in Kras G12D Ikk2 ΔPdx cells ( Figure 3B and Supplemental Figure 3A) . We next transiently transfected the cell lines with a Hes1 luciferase reporter construct and stimulated them with 1 ng/ml rTnf-α. This resulted in enhanced transcriptional activity of the Hes1 promoter in Kras G12D Tnfa ΔPdx but not in Kras G12D Ikk2 ΔPdx cells ( Figure 3C ). These results showed that in initiated pre-malignant epithelial cells Ikk2 signaling enhanced the expression of Notch target genes.
Activation of the NF-κB pathway is known to upregulate Notch receptors and ligands, both of which are found to be expressed on PanIN and PDAC cells (17, (22) (23) (24) (25) (26) . However, an interaction downstream of the two pathways has not been described. We next assessed whether this enhanced expression of Notch target genes upon stimulation with rTnf-α was due to upregulation of Notch receptors and ligands, which would reinforce downstream signaling. We stimulated Kras G12D Tnfa ΔPdx cell lines with rTnf-α over a full 12-hour time course and assessed mRNA expression of Hes1 and Hey1. Upregulation of gene expression occurred within 30 minutes and reached a plateau between 6 and 12 hours after treatment ( Figure 3D and Supplemental Figure 3B ). This rapid upregulation of Hes1 and Hey1 was independent of new protein synthesis and suggested a direct interaction between the pathways ( Figure 3E and Supplemental Figure 3C ).
Tnf-α-induced Notch target gene expression requires canonical Notch signaling and Ikk2-mediated histone phosphorylation. We next sought to determine whether Tnf-α-induced upregulation of Notch target genes required canonical Notch signaling. This is initiated by proteolytic cleavage of NICD following receptor-ligand interactions, mediated by the γ-secretase activity of a multiprotein complex (27) . Pharmacological inhibition of γ-secretase using the synthetic inhibitor L685458 resulted in attenuation of Hes1 and Hey1 expression in rTnf-α-stimulated Kras G12D Tnfa ΔPdx PanIN cell lines ( Figure 4A ). While expression of both these genes was sensitive to L685458, transcription levels of Il1b, Mmp13, and Cox2, all NF-κB targets, remained unaffected (Supplemental Figure 4) . We maximally engaged Notch receptors by stimulating Kras G12D cells with the classical Notch ligands Jagged-2 and Delta-like-1 (Dll1) and compared the levels of Hes1 and Hey1 expression with those after treatment with rTnf-α. rTnf-α induced higher Hes1 and Hey1 levels than ligand-mediated Notch activation of the pathway ( Figure 4B ).
We further examined the requirement of Notch signaling for Tnf-α-mediated upregulation of Hes1 and Hey1 using siRNA to knock down the expression of Rbpj, a nuclear transcription factor essential for Notch target gene expression. Transfection of Kras G12D Tnfa ΔPdx cell lines with Rbpj siRNA resulted in a 4-fold decrease in Hes1 and Hey1 transcripts, confirming the requirement of NICD-Rbp-j interaction for upregulation of target gene expression ( Figure 4C and Supplemental Figure 5A) . Expression of the NF-κB targets Il1b and Cox2 remained unaffected in Rbpjknockdown cells (data not shown). Specific siRNA inhibition of Ikk2 also resulted in a downregulation of Hes1 and Hey1 expression following rTnf-α treatment ( Figure 4D and Supplemental Figure 5B ). This was consistent with our previous observation that Kras G12D Ikk2 ΔPdx cell lines lost the capacity to upregulate Hes1 and Hey1 upon rTnf-α stimulation. Similarly, knockdown of Nemo blocked Hes1 and Hey1 expression (Supplemental Figure  5C ), while knockdown of Ikk1 (Supplemental Figure 5D ) had no effect on Hes1 or Hey1 expression.
Hes1 expression is not known to be regulated by NF-κB (16) . To investigate the pathways downstream of Ikk2 that lead to Hes1 activation, we examined phosphorylation of histone H3 at serine 10, a histone modification that is induced by Ikk2 and is linked with recruitment of RNA polymerase II and transcriptional activation (28) (29) (30) . We carried out ChIP and real-time PCR assays and showed that rTnf-α stimulation induced phosphorylation of histone H3 at serine 10 at the Hes1 promoter ( Figure 5 ). This inducible phosphorylation was abolished in Kras G12D Ikk2 ΔPdx cells ( Figure 5 ). These results indicate a link between Tnf-α-stimulated Ikk2 signaling and the Hes1 locus, whereby Tnf-α enhanced the transcriptional activity of a classical Notch target gene via Ikk2 by inducing histone H3 phosphorylation.
Tnf-α-induced crosstalk between NF-κB and Notch pathways leads to Hes1-mediated Pparγ inhibition. Hes1 is known to bind to the promoter region of the nuclear receptor Pparγ and suppress its expression (31) . Pparγ represses inflammatory gene expression induced by other classes of transcription factors including NF-κB. We observed higher Pparg mRNA expression in 2-month-old Kras G12D Tnfa ΔPdx and Kras G12D Ikk2 ΔPdx compared with Kras G12D pancreases ( Figure 6A ). However, by 5 months of age, expression of Pparg in Kras G12D Tnfa ΔPdx was only marginally higher than in Kras G12D mice. In contrast, it remained elevated in Kras G12D Ikk2 ΔPdx pancreases ( Figure 6A ). Moreover, after rTnf-α stimulation, Pparg mRNA in Kras G12D Tnfa ΔPdx cells decreased to levels similar to those in Kras G12D cells ( Figure 6B ). Binding of Hes1 to the Pparg promoter in Kras G12D cells was confirmed by ChIP ( Figure 6C ). These data indicated that Tnf-α-induced Hes1 upregulation in initiated premalignant cells resulted in Pparg suppression.
We further examined the interplay between Hes1 and Pparg using Hes1-specific siRNA to knock down Hes1 expression in Kras G12D PanIN cell lines. This resulted in robust upregulation of Pparg expression, which indicates Hes1-mediated inhibition of Pparg transcription ( Figure 6D and Supplemental Figure 6, A and B) . Similarly, Cebpa, a transcription factor whose expression requires Pparg, was also negatively regulated by Hes1 ( Figure 6D and Supplemental Figure 6C ).
Hes proteins suppress gene expression by a number of mechanisms that include binding to N boxes or suppressing E box-mediated transcription in promoters that contain tandem E boxes and Rbp-j sites (32-34). We investigated the mechanism by which Hes1 inhibits Pparg expression in our system by analyzing the effects of Hes1 on the activity of a Pparg promoter-driven reporter gene. We confirmed, in transient transfection assays, that Hes1 suppressed expression of a Pparg promoter-driven reporter gene, in a dose-dependent manner ( Figure 6E ), through sequences from -1,500 to -160 that contain 6 E-box elements (31) . A truncated E box sequence abrogated the ability of Hes1 to inhibit Pparg promoter activity ( Figure 6F) .
Pharmacological intervention in Notch and Pparγ signaling modulates the inflammatory profile of malignant cells and inhibits PanIN growth.
Pharmacological inhibition of NF-κB or Notch signaling by antiTnf-α, the NF-κB inhibitor Bay11-7082, or the γ-secretase inhibitor DAPT could block the expression of Hes1 in PanIN-bearing 5-month-old mice. As shown in Figure 7 , each of these approaches inhibited Hes1 in PanIN-bearing pancreases and reduced Tnf-α cytokine levels in Kras G12D cells (P < 0.01; Figure 7 , A-C).
We hypothesized that this interplay between NF-κB and Notch signaling and a coordinated downregulation of Pparg acted as a forward feedback loop that sustains expression of inflammatory cytokines and chemokines by the transformed cells. To address this hypothesis, we treated Kras G12D mice with DAPT, a γ-secretase inhibitor. Cytokine arrays on whole pancreases of untreated and DAPT-treated mice revealed downregulation of proinflammatory cytokines and chemokines ( Figure 7D ). To further strengthen the impact of Notch signaling on the inflammatory state of the transformed cells, we used Kras G12D mice carrying the Rosa26-LSL-Eyfp allele. In these mice, Eyfp expression was confined to the Kras G12D -expressing epithelial cell pool. Cohorts of n = 12 mice were treated with DAPT or vehicle, and the Eyfp-positive cells were isolated by FACS. Analysis of the sorted cells showed significant downregulation of Tnfa (P < 0.05), Il6 (P < 0.001), and Il1b expression (P < 0.01) in the DAPT-treated group ( Figure 7E) .
We finally asked whether treatment with rosiglitazone, a Pparγ agonist with antiinflammatory properties in vivo, would influence PanIN development in Kras G12D mice (35, 36) . Mice were treated with 3 mg/kg/d rosiglitazone added to their daily diet, and cohorts of Kras G12D mice were followed for nearly 2 years (Table 2) . Progression of PanINs was significantly delayed in rosiglitazone-treated mice compared with the untreated controls (P < 0.01, n = 12, Figure 8A) . Tumor incidence was 2-fold lower (11 of 40) compared with that in untreated mice, greater than that observed in the Ikk2-depleted Kras G12D Ikk2 ΔPdx animals (10 of 50) (Figure 8, B and C) . Analysis of the macrophage infiltrate showed a reduction in the frequency of these cells in rosiglitazone-treated animals ( Figure  8D ). In total, these data suggest that modulation of tumor-associated inflammatory networks can inhibit PanIN progression and restrain stromal inflammatory components.
Discussion
The integrative interactions among proinflammatory cytokines, transcription factors, and oncogenic signaling pathways are currently the focus of extensive investigation. Here we demonstrated that in the context of Kras-driven pancreatic carcinogenesis, genetic inactivation of Ikk2 blocked the progression of PanIN lesions. Depletion of Ikk2 correlated with decreased expression of the classical Notch target genes Hes1 and Hey1. Our further work showed that Tnf-α-induced activation of the NF-κB pathway in initiated pre-malignant epithelial cells cooperated with basal Notch signals to enhance the expression of Notch target genes, in an Ikk2-dependent manner. The interplay between Ikk2 and Notch, via the expression of Hes1, repressed the antiinflammatory nuclear receptor Pparγ and created a forward feedback loop that retained the transformed cells in an inflammatory state.
Ikk2 is essential for canonical activation of NF-κB and has been shown to be required for carcinogenesis both in settings where NF-κB activation is driven by ras mutations and in inflammationinduced cancer models (7, 8, 10, 11) . However, the role of the Ikk2/ NF-κB axis is context and cell type dependent; in certain settings, such as those observed in hepatocarcinogenesis, Ikk2 depletion results in tumor promotion (37) . Our data demonstrated that in the context of Kras-driven pancreatic carcinogenesis, genetic deletion of Ikk2 blocked the progression of malignant epithelial cell lesions.
Activation of NF-κB is known to regulate a number of cellular processes, including a malignant cell-intrinsic network of inflammatory cytokines and chemokines (38) . These act in an autocrine and paracrine manner both on the malignant cells and on the surrounding stroma and induce the activity of a number of oncogenic transcription factors, including Stat3 and AP-1 as well as NF-κB itself (10, 11, 20, 39, 40) . With deletion of Ikk2 in initiated premalignant epithelial cells, an array of inflammatory cytokines and chemokines at the tumor site was significantly downregulated, and recruitment of macrophages and neutrophils was profoundly decreased (Supplemental Figure 2 and data not shown) . Cellautonomous processes such as proliferation were also affected,
Figure 5
Tnf-α-induced Notch target gene expression is dependent on Ikk2 and chromatin remodeling. ChIP was performed on rTnf-α-treated Kras G12D , Kras G12D Tnfa ΔPdx , and Kras G12D Ikk2 ΔPdx samples with anti-histone H3 (A) or anti-phospho-histone H3 at serine 10 (pH3) (B). Rabbit IgG was used as control. Precipitated DNA was measured by real-time PCR using primers specific for Hes1. Results are shown as mean + SD of triplicate determinants and are representative of 3 independent experiments. and downregulation of Notch target genes was observed. Notch signaling has oncogenic properties in pancreatic carcinogenesis; however, a link between this pathway and canonical NF-κB had not been previously appreciated (17) (18) (19) .
Tnf-α is a major inflammatory cytokine that activates the NF-κB pathway and is regulated in its expression by NF-κB. We demonstrated that Tnf-α stimulation of initiated pre-malignant epithelial cells resulted in upregulated expression of classical Notch targets. This occurred at the level of transcription by Ikk2-mediated phosphorylation of histone H3, a modification that is linked with transcriptional activation (28) (29) (30) . Accordingly, Tnf-α-mediated upregulation of Hes1 and Hey1 was independent of de novo protein synthesis but required canonical Notch signaling. Our data suggest that activation of NF-κB signaling can synergize with basal Notch signals to induce maximal expression of Notch target genes.
Conversely, Vilimas et al. have demonstrated that in T cell acute lymphoblastic leukemia, constitutively active Notch results in activation of the NF-κB pathway (13) . Work from the same group demonstrated that the Notch/Hes1 signaling sustained NF-κB pathway activation by repressing the deubiquitinase CYLD, a negative Ikk complex regulator (41) . In conjunction with our data, these studies indicate a bidirectional interaction between the NF-κB and Notch pathways that can result in bidirectional expression of target genes and enhanced malignant cell growth.
Within the tumor microenvironment, Tnf-α stems from two sources: the tumor-infiltrating immune cells and the malignant cells. In accordance with previous studies, we found an influx of inflammatory cells, predominantly macrophages and neutrophils, in Kras G12D mice as disease progressed (42) . These cells were a major source of the cytokine in aged mice. We also showed that Kras-induced PanIN and PDAC cells constitutively secreted low levels of Tnf-α. Crosstalk between NF-κB and Notch signaling can therefore be fueled both by a constitutive autonomous activation of NF-κB signaling due to mutant Kras and by inflammatory cytokines provided by the immune cells. Our data suggested that early in the carcinogenic process, Tnf-α secreted by the malignant cells is critical for their growth, while at later stages, influx of immune cells constitutes the major source of the cytokine. Inflammation induced extrinsically by tissue damage (i.e., pancreatitis) or inflammation related to metabolic stress has been shown to accelerate PanIN development (43) (44) (45) . The underlying mechanism is a deregulated regeneration process whereby constitutively active Notch permits PanIN formation. By identifying a direct link between NF-κB signaling and enhanced Notch activity, we provide evidence that a major proinflammatory and a developmental signaling pathway can cooperate in the context of mutant ras to promote carcinogenesis.
Repression of inflammatory genes by the nuclear receptor Pparγ has been highlighted as an important mechanism by which cells can regulate inflammatory responses and homeostasis (46) . Our findings demonstrated that a Tnf-α/Hes1-driven mechanism of Pparγ inhibition operates in initiated pre-malignant pancreatic epithelial cells. Hes1 suppressed Pparg expression by targeting E box elements in the promoter of the gene. We propose that the coordinated activity of NF-κB and Notch along with a suppression of antiinflammatory transcription factors such as Pparγ leads to a sustained expression of inflammatory genes and transcription factors and a constitutive production of inflammatory mediators and chemokines by the transformed cells. Pharmacological inhibition of the Notch pathway in Kras G12D mice with a γ-secretase inhibitor resulted in attenuation of inflammatory gene expression by the transformed cells and downregulation of cytokine production in the pancreas. It has also been shown to significantly attenuate the development of PanINs (21) .
Synthetic Pparγ ligands induce allosteric changes to the receptor and allow it to enter into a repression pathway (47) . These agents are shown to have antiinflammatory activity in a variety of models of acute and chronic inflammation, as reviewed in ref. 35 . By using rosiglitazone, a Pparγ ligand of the thiazolidinedione class, to treat Kras G12D mice, we demonstrated a marked decrease in the frequency of PanINs and their progression into invasive carcinoma. Nevertheless, Pparγ has a wide range of effects on metabolism (48) . Thiazolidinedione drugs are best characterized by their insulinsensitizing action and have been used in the treatment of diabetes. Notably, individuals with type 2 diabetes receiving metformin, a glucose-lowering drug, have a decreased risk of developing pancreatic cancer (49, 50) .
Our findings and an increasing body of studies highlight the requirement for inflammatory signaling pathways in the development of pancreatic cancer and reveal key molecular targets to assist current treatments.
Methods
Mouse strains. Kras +/LSL-G12D , Pdx1-cre (5), Tnfa fl/fl (51) , and Ikk2 fl/fl strains (52) were interbred to obtain Kras G12D , Kras G12D Tnfa ΔPdx , and Kras G12D Ikk2 ΔPdx triple mutant mice on a mixed 129/SvJaa/C57BL/6 background (see Supplement Figure 1 Cell lines and reagents. Primary pancreatic ductal cell lines were derived from Kras G12D , Kras G12D Tnfa ΔPdx , and Kras G12D Ikk2 ΔPdx mice as previously described (54) . PanIN cell lines were derived from PanIN lesions with no invasive cancer present within the pancreas of the mouse. OP9-DL1 cells, a bone marrow-derived stromal cell line that ectopically expresses the Notch ligand Dll1 (55), were cocultured with Kras G12D Tnfa ΔPdx pancreatic ductal cells. Cycloheximide and L685458 were purchased from Sigma-Aldrich. Recombinant mouse Tnf-α and Jagged-2/Fc chimeric protein were purchased from R&D Systems.
Histology and immunofluorescence. Histological analysis of pancreases was carried out by standard procedures. Specimens were harvested from timematched animals, fixed in buffered formalin, and embedded in paraffin. Tissue sections (5 μm) were stained with hematoxylin and eosin or used for immunostaining. PanIN lesions and PDACs were graded as previously described (56) . Proliferating cells were assessed by immunohistochemistry using an anti-PCNA antibody (BD Biosciences). Trichrome (Masson's) staining was carried out according to the manufacturer's instructions (Sigma-Aldrich). For immunofluorescence staining, cells were stained using anti-Hes1 (Santa Cruz Biotechnology Inc.) or anti-E-cadherin (Invitrogen) primary antibodies. Cell nuclei were counterstained with DAPI, and cells were visualized under a LSM 510 confocal microscope.
Flow cytometry. Pancreases were minced and digested with 2 mg/ml collagenase type IV (Sigma-Aldrich). Single-cell suspensions were prepared and cells were immunolabeled with fluorochrome-conjugated antibodies in PBS supplemented with 1% FBS. All antibodies were purchased from eBioscience: anti-F4/80-APC (clone BM8), anti-CD11b-PE (M1/70), anti-Ly6G-FITC (RB6-8C5). Flow cytometric data were subsequently acquired on a FACSCalibur flow cytometer (BD Biosciences) and analyzed using FlowJo software. For sorting of Eyfp-positive pancreatic epithelial cells, single-cell suspensions were further digested with 0.05% trypsin (Sigma-Aldrich), and EYFP-positive cells were collected using a FACSAria II sorter (BD Biosciences).
Real-time PCR analysis, protein expression, and kinase activity assay. Total tissue RNA was prepared using an RNeasy kit (QIAGEN). Quantitative PCR was performed as described previously (57) . We performed antibody-based multiplex cytokine arrays analyzing the abundance of 62 cytokines and chemokines (Millipore). Tnf-α levels in cell culture supernatants were determined using a commercially available ELISA kit (R&D Systems) according to the manufacturer's instructions. Cells and tumors were lysed and analyzed by SDS-PAGE and immunoblotting (58) with antibodies to Hes1 and Rbp-j (both from Santa Cruz Biotechnology Inc.), Ikk2 (Cell Signaling Technology), and β-actin (Sigma-Aldrich). In vitro Ikk2 kinase activity was assessed using the Kinase Assay Kit (Cell Signaling Technology) according to the manufacturer's instructions.
ChIP. ChIP was performed with the EZ-ChIP Assay Kit (Millipore) in accordance with the manufacturer's instructions. A total of 10 6 PanIN cells were used per condition. Antibodies against phospho-histone H3 at serine 10 (Cell Signaling Technology), anti-total histone H3 (Cell Signaling Technology), and control rabbit IgG (R&D Systems) were used.
siRNA transfection. Rbpj-, Ikk2-, and Hes1-specific siRNAs and nontargeting control siRNAs were purchased from Dharmacon. siRNAs were transfected with Lipofectamine RNAiMAX reagent (Invitrogen).
Luciferase reporter assay. For Hes1 reporter gene assays, primary Kras G12D Tnfa ΔPdx and Kras G12D Ikk2 ΔPdx cells were transfected in duplicate in 24-well plates with a Hes1 luciferase reporter construct containing the -194 to +160 promoter fragment of the Hes1 gene inserted upstream of the luciferase gene in pGL2 (gift from Sangram S. Sisodia, Department of Neurobiology, University of Chicago, Chicago, Illinois, USA) and an internal control plasmid encoding Renilla luciferase (Promega) with Lipofectamine Plus reagent from Invitrogen (59, 60) . On the next day, cells were stimulated with rTnf-α for 6 hours, and cell lysates were prepared and analyzed for firefly and Renilla luciferase activity with the Dual-Luciferase Reporter Assay System (Promega). The Pparg reporter gene and Hes1 plasmids (gifts from Marc Montminy, Salk Institute for Biological Studies, La Jolla, California, USA) have been previously described (31) . Cells were transfected with the Pparg reporter plasmids and an expression plasmid encoding Hes1 or a control vector as described for Hes1 reporter gene assays. Results are shown as firefly normalized to Renilla luciferase activity.
Statistics. 
